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ABSTRACT

2 3 9275

This report describes the results of o stwdy of continuoug model
matching techniques as applied to the determingtion of parame .:re of
time-varying human pilot models. This work consticutes Task 2 of 8
atudy of model matching techniques being conducted under NASA Contract
NaS1-2582.

Tae intital phase of the study is aimed at an improvement of con-
vergence time of the continuwoua model matching technique develcped under
Task 1. The dependence of convergence time on the choice and composi-
tion of the criterion function, on parameter adjustment gain and on
filtering in the adJjustment l.oéy are studied. Results obtained in this
phase are used in vutching artificially perturbed paremeters of a second
order system by adjusting the parameters of a second order model. The
original system is made time-variaat by perturbing its | arameters sinu-
soidally or stepwise. The final portion of the atwdy applies the model
matching technique to tﬁe determination of parameters in a mathematical
model of & human pllot engaged in performing a time-varying control task.

The mujor conclusion of the study is that continuous on-line para-
meter tracking techniques can indeed be applied to the determination of
parameters in time-varying systems. However, considerablie caution is
required in interpreting the resulting parameter variations in the mathe-
matical model since these may be influenced not only by the actual vari-
ations in the system but alsoc by a number of extraneous effects. These
effects are traced in some detail and methods for reducing their in-
fluence are suggested. ,Qctv’c,«
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INTRODUCTION

This report presents the results of Task 2 of a research progran
concerned with the development of automatic computer techniques for the
determination of paracmeters in mathematical models of humsn pilots.
the major objective of Task 2 is the application of these te‘chniquea 0o
the case vwhere the pilot behavior can be assumed to bz time~varying, under
the influence of time-varying controlled element characteristics.

Basged on the results of Task 1 the continuous model matching tech-
nique was selected for Task 2. It wae clear howaver that a number of
unanswered questions from Task I required consideration before the con-
tinuous method could be applied to a time varying situation. In parti-
cular, it was neéessary to optimize the convergence time for the fixed
parameter case, since the requirements on rate of convergence become
considerably more severe if the parameters are allowed to vary. Conse-
Quently, the first phase of the Task 2 study (and the first section of
this report) describe the resulis of a series of tests which were per-
formed to improve the performance of the continuous method in the fixed
rarameter case. The effect of forcing function initial conditions and
adjusting loop gain on the behavior of the parameters was examined. The
cortribution of & rate term in the error criterion was also studied
carefully and considerable iuprovement in performance was observed as
an error rate term was ajded. During these investigations a number of
interesting effects were obesrved, including large anguiar excursions of
the gradient vector which are reflected‘ in the descent trajectory in the
yarameter space, and cross coupling effects among the parameters. Con-
siderable progress bas beea made in obﬁaining an analyticel explanation
of these puenomens which are aiscussed in detail in Section U4 of this

report.
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Following the first phase the improved continuous method was applied
to the determination of paraméters in & mathermatical model of a system
mgde intentionally time-varying by sinueoidal or slepwise per axbation of
one of its cvefficients. The final phese of the study made uss of the
technique in thae analysis of human tracking performsrnce under conditiors
where gain and one time constant of the controlled element were intentlon-
ally varied. ' ' !

The notation throughout this revurt emphasizes the use of differential
equations for cha.ra.cterizihg system dynamics. Transfer functions are
avoided almost completely. This approach is necessary since tsansfer func-
tiorns represent the frequency doamain behavior of time-invarisnt systems.

As time variations are introduced, considerable cmution is required in ap-
Plying freqi‘.wncy domain techniques while the differential equation clearly
and unambiguously describes the systein bebavior. While it is true that
such phrases as "time-varying poles and zeros" do appear in the literature,
the interpretation of these phrases is open to considerable guestion and
consecu .y they are avoided entirely in this report.
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EXPERIMENTAL PROCEDURE

The experimental proczdure utilized in Task 2 was essentially identi-
cal to that of Task 1, and consequently the descriptions given in Reference
1 are eppliceble. As described above, Task 2 was divided into three phases;
the experimenta’. procedure used in these phases is summarized as follows:

Puage 1

In this phase the system to be identified had fixed parameters. The
experimental procedure was identical to that used in Task 1. A change in
the error criterion was introduced for the purpose of improving the con-
vergence time. The new error criterion is described in connection with
the results in Section 3.

Phase I1

This phese was concerned with the identificstion of a time-varying
parameter in the original system. A coefficient potentiometer in the
analog simulation of the system t0 be modeled was replaced by a multiplier,
and a sinusoldal cr square wave was used to perturb the system parameter.
The parameﬁer ed juswment circult of the model system tracked the parameter
perturbations.

Phase 1II
In this phase tie technique of Phase II was applied to indentification
of human pilot model parameters while the pilot performed a single-axis
compensatory tracking task using & finger-tip controller as described in
Reference 1. The controlled element, or plant, was made time-variant by
the following time sequence:
For the first two minutes of & five minute run the plant was described
by the differential equatio..

P+Pp =20y
or by the transfer function
P 20
— e ———
Y s(s+1)
During the third minute of the run the gain was increased at a constant

rate for 10 sceonds until it reached a value of 45. This value of gain
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was held fur one minute and 50 seconds. During a subsequent
10 second interval the plant differentisl equation was changzd
at uniform rate to

P+ (1~001t)p =45y

After these ten seconds, the plant transfer function was given

W P _ 45

Y ~ s
and these characteristics were mairtained for 50 sezonds. At
the end of four minutes of tracking the plant was again returned
to its initial state and remained in this condition for the final
50 seconds of a five-minute tracking run. The same configuration
was used in four runs by two operators. As in Task 1 the data
Were recorded on magnetic ‘tape and subsequently analyzed by the

continucue model matching method.
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RESULLS AND DISCUSSiCH

As outlined in the previous secticu the study was divided into three
major portions. The first portion of the study was concerned with a deter-
mination of maximum allowahble adjustment geins, the choice of criterion
functions, and the effect of initial conditions and fercing functions on
the behavior of the tracking system. As a result it was wos e Lo
optimize the techniques which were to be employed in dealing with time-
verying paremeters in the system to be modeled. As in Task 1, the system
equation used for methods development was similar in form to the equation
to be employed in modeling the human piiot. The second pertion of the
study ircluded voth sinusoidal and stepwise parameter variations. The
final portion of the task was concerned with application of the model
matching technique to the determination of parameters in & model of a
human pilot performing a time-varying control task.

3.1 Improved Model Matching of a System -7ith Fixed Parameters

In order to optimize the convergence time in the case where the system
to be identified has fixed parameters, the bzhavior of the continuous model
matching technique was examined for botlL sinuscidal and random inputs. 1In
beth cases the effect of adjustment gain. initial conditions, and criterion
functions on the adjustment path was examined. This study was initiated
with sinusvidal inputs in order to permit e convenient ranlys '« o Lhe
ef'fects o1 the forcing function and of the aujusuncae v oot on e Le-
havior of the parameters. The results of Teek 1 uppearea Lo contain random
disturbances in the parameter adjustment process. The us:c of sinuscidal
inputs in the present task helped to clarify the nature of this apparent
randomness, which proved to be actually a systematic response characteristic
innerent in the method used.

3.1.1 The Effect of Adjustment Gair.
Consider first the effect of the gain on the behavior of the para-
meters in the adjustment prccess, as indicated .n Figure 1 for sinusoidal

input and Figure 2 for & random input. Both of these figires show descent

trajectories in the . vs. Q, plane for various values of adjustment gain.

3

The parsmelers a, and a2 were held fixed. Corresponding time traces showing
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the behavior of the parameters ¢ and ah 78. time for one value of gain

3

are presented in Figures 3 and 4 respectively. Ar examination of these

four diagrams reveels the following interesting performance character-
isticsa:

(1)

(2)

(3)

(&)

The eadjustment process ceases at instances where the mat .ing error
changes sign. This occurs once every 1./2 cycle for a sinusoidal

input and et randomly spaced intervals »r random inputa. Consequently,
the trajectories in the parameter plane exhibit a scalloping or vignete
ting effect. As expected, the "scallops™ exhibit periodic charac-
teristics for sinusoidal input and a random sequence of amplitudes

for the random input cace.

The adjustment paths in the rarameter plane depend strongly on the
adjustment gain, but approacn a direct un-scalioped descent path

as the gain is reduced. This c¢an be observed most clearly 1 Figure
1 for the case of a siausoidal input. Paths 1, 2, 3, aud U4 progres-
sively approach path 5.

The length of time required to converge to within a specified ac-
curacy of the trus parameter values can be measured in Figure 1 by
counting the total numt2r of scallops. Each s-callop corresponds to
one half cyciz of tae driving frequency, ir this zase 1.0 radian per

wecond.

One observes trar the most dirzct psth obtained bty the lowest value

of adjustment gair reguires the jonugest time *c converge. This path
therefore involves tne smallest approximation errors in gradient
computation due to time-varisace of parameters. Cleariy the most rapid
descent, which aeviates wideiy from the direct path, at times does not
approximate & graiiea* pat~ at ail It carn be noted that the deviation
of this path from the asymptcotic patnh does not necessarily represeut
an instability or a faulty behavior of the adjustmert system. Thus
path number 1 in Figure 1 differs drastically from path number 5, and
yet results in trnz fastest convergecce. Furtnermore it can be noted
that Lign adjustmert @aing such as those of path 1, result in a limit
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cycle oscillation about the desired finel value.

(5% Ccnsider path 4 in Figure 2 which represents the adjustment of para-
meters c!3 and a,‘ with a rapdom input and a low value of ad justment
gain. It can be seen that success!ve path deviations from a direct
descent differ in magnitude, depending on the characteri-tica of the
forcing function. It is important tc note that such va.iaticus in
the trajectory are directly traceable to the forcing function and
bear no relation to the actusl parameter being tracked, which in
this case ies fixed. This cbservation must be kept in mind when
attempting to match human ¢racking datazoscillations in parameter
values do not always reflect actual variations in human operator
behavior; they may simply be introduced by the random vehavior of
the forcing functione. This effect can slao be observed in Figures
3 and 4 which show the random patterns of adjustment as a function
of tine.

3.2.2 [Effect of Initial Conditionu of the Forcing Function

Consider now the effect of the initial phase of the forcing func-
tion upon the adjustment process. This affect is illustrated ir. Figure 5
for & sinusoidal forcing function. This figure shows the effect of ini-
tial conditions approximately 180° out of phase. It can be seen that
trajectories 10 and 12 which were obtained from approzimately aqual condi-
tions differ drastically from trajectories 11 an® 13 chtaired when the in-
put was applied one quarter of a cycle later. The il rt of Lhe initias
condition can be seen primarily in the irnitia' ntages of the adjusluenc
process. Af'ter approximately two cycles the trajectoriss converge. The
importance of this effect must be considered if random inputs are used
since in that case the phasing of the adjustment process is arbitrary and
an exact repetition of trajectories from run to run cannot be expected
even when matching fixed paremeters.

3.1.3 Effects of Parameter Initial Values

Figure 6 shows the trajectories obtained with a sinvsoidal ex-

citation signal for various initial values of parameters al aad az.
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Random Excitation

Time History - Parameter Adjustment of «
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The typical scailoping effect is again observable. The forcing function
initial condition is approximitely the same for all the runs shown in
‘éhis figure. The wide =xcursions obtained for some initial values of
al’ a2 again illustrete the sensitivity of the trajectories to the
phasing of the ’ircing function. The descent paths of Figure 6 also
give a general indicetion of the structure of the criterion function in
terms of contour lines in this plane. 8ince each trajectory approaches
the true grad.ent path, contours of the eriterion function must inter- .
sect the terminal trajectories of Figure 6 approximately at right angles.
Hence, the contour lines are approximately of elliptic shape with major
axes In aa-direction.

3.1.4 Effeacts nf Rate Terms in the Criterion Function

The criterion fuanction used during the continuous model matching
runa in Task 1 wae chosen as the square of the model matching error, i.e.

L .*
2.9

E = (1)

The work of Margolis (Reference 2) suggests a considerable improvement in
convergence time if a term provortional to the rate of change of the match-
ing error is added to the criterion function. Consequently, the criterioan
function of the form

F = _2"‘_ (e +qé)z (2)

was egelected where q is a constant. Different values of ¢ were used in
the study to find optimum conditions.

In order to obtain rapid convergence (which is desirable for the
tracking of time-varying perameters) it is necessary to increase the ad-
Justment loop gain. However, the parameter adjusting loop becomes unsteble
vhen gain is sufficiently high. This effect is illustratd in Figurss 7, 8
and 9 for ¢ = O, that is, when no rate term is present in the criterion

v

function. These figures illustrate the behavior of the four parameters
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under the following conditions:

!

a. Parameters & and &, were set at their ‘correct” value , i.e.,
@, = 8 and a, = a,.
b. Parameters a3 and @ have initial offuets.
Ce The input forcing function was & sine wave of frequency 1.0 ra.d/ sec.

d. The following adjustment gains were used in the adjustment loop:

Figure 7 K= 0.0k
Figure 8 K= 2.0 (equal for all parameters)
Figure 9 K = 16.0

An examination of these three figures reveals the following in-
teresting facts:

(1) When the adjustment gain is very low (X = 0.4) as in Figure 7, it
can be seen that the convergence of paraemeters a3 and ah to their correct
values is extremely slow. After 50 seconds of running neither parameter has

attained its correct value.

(2) When the gain is increased to K = 2.0, the parameters approach
to within 5 percent of their correct values in 5 seconds. It is interesting
to note that with this value of gain parameter a3 displays a low level os-
cillation, and that the rapid adjustment is reflected by displacements in
parameters (x:L and az Cross coupling effects of this type will be discussed
in Section &.

(3) As the adjustment gain is increased to K = 16 instability occurs
in parameter a3, vhile parameter @, shows a very slightly damped oscillation.
The cross coupling effect is very strongly evident, being revealed by pro-
nounced oscillations in parameter al and irvcorrect values in parameter az.

It can be seen that attempts to increase the gain much beyond the value
K = 2.0 used in Figure 8 produce instability rather than improved convergence.
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Time History - Adjustment of Four Parametsrs
With Sinusoidal Ex:itation
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Differences in stability behavior of the different parameters will also be
discussed in Section k.

%) It is interesting to note from an exsmination of Figure 9 that
the instability in the parameter adjusting circuits results in only slight
disturbances in the matching errcr. The model output is app: oximately
sinusoidal with small "humps” introduced by limiting from the parameter ad-
Justment circuits. However, the matching error remains extremeiy small.
Comparison of system output and model output does not reveal the unsatis-
factory behavior of the parameter adjusting circuita. '

Consider now the effect of increasing the contribution of the
rate term by adjustment of the rate coerficient q in Equation (2). The
effect of asstting @ equal to zero, 0.5, and 1.0, respectively, is seen in
Figures 10, 11, and 12. The adjustment gain in eac: of these three figures
ie held at K = 8.0, that is, the value of gain is selected sufficiently
high to result in oscillatory but not quite unstable behavior of the para-
meter adjuating circuits in the absence of the rate term. An examination
of these three figures shows the dramatic improvement in performance which
occurs as q is increased fiom zerc. For q = 0.5, most of the oscillation
in the parameters disappears and the criterionm function is essentially zero
throughout the duration of the run. It should be noted with reference to
Figures 10 and 11 that, as before, an examination of mciel cutput ond system
output does not reveal the oacillatory behavior of the parameters. As g
is increased to 1.0 the oscillation in parameter @, disappears entirely
vhile that in 03 is reduced to less than 5 percent of its maximum value.
Convergence of the parameters to within 5 percent of the desired values
occurs in approximately 3 seconds. These results show that high values of
gain ylelding rapid convergence without instability can be tolerated by
the parameter adjustment circuits when a criterion function of the form of
Equation (2) is used.

Before proceeding to the application of the method to the
tracking of time-varying parameters, it was necessary to investigate the
effect of the rate term q on paremeter adjustment vhen a random forcing
function was used. This effect is i1llustrated in Figures 13, 14, and 15
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where the following conditions ep; v:

(a)

(b)

(c)

The input forcing Tfunction ivas a random signal obtained by filtering
the output of & noise generator, using a third oxrder lag filter with
a break frequency of 1.0 rad/sec. (This signal is identical to that
used in Task 1 of this study).

The adjustment loop gain was K = 16 for parameters a3 and @, . This
value corresponds to an adjustment gain which resulted in instability
for a sinuscidal input.

Parameters a and a, were not allowed to vary in order to minimize
the intersction between parameters.

The values of q used in Figures 13, 14, and 15 were O, 0.5 and 1.0

respectively.

Figures 13, 14, and 15 again show the dramatic improvement in

performance which is obtained by the addition of the <te term to the
criterion function. Figure 13 shows instability of the parameter adjusting
circuits in the absence of the rate term. It is interesting to note, that

due to the nature of the input function there ere portions of the tracking

run when thc parametcers romuin approximately constant and the matching

error approaches zero. ilowever, uwi times when the forcing function makes

large excurs:ions the cquilibriwn is disrupted and the paramecters begin to
oscillate.

Figure 14 shows the behavior of the system with q = 0.5. Para-

meters a3 and Q) converge to within approximately 5 percent of their

correct values within one seccnd and exhibit small random oscillations

(i 5 percent from the correct value) during the entire run. The improved

convergence time, as compared to the ? gecond adjustment with the asinu-

soidal input, 1s probably due to the presence of higher frequencies within
the cicitation signal. It ca. also be noted that the system output and the
model output are essentially equal i.e., the matching error is nearly zero.

Increasing the rate term to ¢ = 1.0 doea not result in further improvement

of the parameter adjustment process. The overshoot in the adjustment of

parameter 03 in Figure 15 is probably not caused by the increased value of

g, but rather by the {fuct of an unknown initiel condition in the forsing

function, as diacussel previously.
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3.1.5 Conclusicns from the Convergence Study for Fixed Parameters

This phase of the study has led to the following conclusions:

(1) The use of a modified criterion function which includes
error and error rate terms (Equation 2) allows raising
the adjustment gains sufficiently to obtain con: :rgence
to fixed paremeter values in 1 to 3 seconds. This per-
formance is Judged satisfactory for use with time-variant
parameter values.

(2) The nature of the continucus cloed-loop adjustment mekes
the paramevers sensitive to certain characteristics of the
foreing function during the adjustment process. <Conse-
quently, in tracking constent or time-varying parsmeters
random parameter excursion can be expected when both system
and model are excited with a random excitation signal.

(3) The nature of the continuous model matching process produces
significant levels of cross coupling between the parameters
obtained.

{4) The adjustment trajectories reflect the phasing of the
excitation signal and vary considerably in repeated runs
performed with random excitation.

3.2 ldentification of Time-Varying Parameters in a Kuown System

Investigations conducted under Phase II consisted of the application
of the continuous model matching technique to the identiftication of para-
meters of a kucwvu time-varying system. As in Task 1 of the study the known
system was chosen to be a second order differentia. equaticn, namely

Y+ay +ay = ask +aux (3)

vwhere the parsmeters a] R 9.2, a_,, and 8, can e made time-veriant. In
particular, the system parameters were perturbed sinusoidaily and stepwise,
and the behavior of the corresponding model parameters al, °‘2-' a3, and ah
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was examined. Three types of system parameter perturbations were studied
on the computer:

’

:1)  Sinusoidal variestion in a parameter on the left-hand side of
Bquation (3), i.e., a coefficient of the dependent variable
or its derivative (corresponding to a denominator term in the
transfer function of an invariant system).

(2) S8inusoidai variations of a parameter on the right-hand side
of Equation (2), i.e., a coefficient of one of the terms of
the forcing function (corresponding to a numerator term in
the transfer function of an invariant system).

(3) 8%ep variations in the system parameters.

3.2.1 S8inusoidal Variation of Parameter a1

Results obtained when attempting to track a sinusoidal variation
i of parameter &, are shown in Figures 16, 17, and 18. The experimental
conditions imposed in each case were as follows:

Figure 16: Parameter al rerturbed sinusoiially at a freguency of
1.0 radians per second. Hodel parameters az, 03, and

@, not allowed to vary.

Figure 17: Same system parameter variation as in Figure 16 but all
four parameters allowed to adjust.

Figure 18: Parameter &, in the system being verturbed at a fre-
quency of 10 radians per second and all four model

parameters tracking.

The criterion function used in this portion of the study did not Include

the rate temm.

The performance of the system may be summarized by the following
observatiovrns:
(1) When oaly the model parameter which corresponds to the per-
turbed paremeter (in this case al) is allowed to adjust, an
acceptable parameter iracking performance is observed. Super-

o

imposed o the sinusoidal parameter variation of al are random
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components whicii are introduced by the random excitation
signal. In Figures 16 and 17 the disturbances in the

time histories of parameter al and model matching error

€ are seen to correspond to large excursions in the system

and mocel output quantities.

The results obtained when allowing all four model parameters
to adjust under the condition that only one parameter (al)

in the system is perturbed (see Figure 17) exhibit some un-
desirable side effects: The sinusoidal perturbaticn of system

parameter a, reflects noc only in the model parameteri¥1 but

als80 in pur:meter 03. Furthermore, secondary cross-coupling
effects are caused by 03 variation and tend to reduce the ampli-
tude of oscillation in parasmeter al to a new and incorrect value.
Parameters az and @, exhibit drift “rom their correct values,
thus indicating that their effect upon the criterion function

is negligible (see Section 4).

It is interesting to examine the matching errors shown in
Figures 16 and 17. Figure 16 clearly presents a better match
to the time variant system % an Figure 17 since in the latter
case parameters aé; 03, and a% vary incorrectly. Yet there is
no discernible difference in the behavior of the matching error
€ in these two cases. In other words, Figure 17 indicates

that for sufficiently small model matching errcrs the error
criterion function chosen here s too insensitive to parameter

errurs to cause further model adjustment.

When parameter al is varied at a frequency of 10 rudians per

second, parameters al and a3 agein vary approximately in sinu-
soidal manner while parameter a, immediately assumes an incorrect

value.

The frequency of the &l-perturbation is so high that tracking'
behavior deteriorates, and peaks in the excitation signal are
miginterpreted by the adjustment loop as belonging to the per-
turbation in 8- In conseqguence, excitation peaks appear super-
imposed on the al-vnriation and also appear in a3 due to cross-

coupling. Once again, it is interesting to observe that while
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the parameter tracking system is not behaving satisfactorily,
the matching error is extremely smell, and hence is insuffi-
cient to cause further model adjustment.

Sinusoidal Variation of Parameter a.3

Attempts to track a sinusoidal variation of a coefficient in a

forcing function term are illustrated in Figures 19, 20, and 21. During

ihis experiment only model parameters cx3 and @) wvers allowed to vary,

vhile parameters @y and o, were held fixed. The following comments may be
made with respect to these resultas:

(1)

(2)

Attempting to track parameter & with a low value of gain (K = 2.0)
and q = O results in the curves of Figure 19. It is apparent that
parameter 03 does not follow the sinvsoidal perturbation of the

3I
its correct value to a new incorrect equilibrium position. The

corresponding paremeter a Furthermore, parameter o, drifts from
matching error, which is given in trace 8 of Figure 19 is quite
small when the corresponding scale is takea into account.

Increasing the gain to K = 16'with q = O results in the curves of
Figure 20. Evidently both pacameters a3 and Q, bezome unstable
and the match between system and model becomes considerably worse.
Once again, as observed in previous results, there are periods of
time during which t:.e match is rather good, followed by periods of
time when the random excitation signal causes uncontrolled para-

meter oscillations.

Figure 21 shows the effect of adding a rate term to the critericn
function with all other experimental conditions remaining as in
Figure 20. That is, these curves show the results of K = 16 and
q = 0.2. The effect is a dramatic improvement. The match between
system and model outputs is excellent and an approximately sinu-
soldal oscillation in a3 is obtained. Orce again the effect of
random excitation peaks is reflected ia random disturbances super-

imposed on the fundamental oscillation of parameter a3.
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3.2.3 B8tep Variations of Parameter a3

Figures 22 and 23 show the behavior of the parsmeter tracking system
when pasrameter a.3 is perturbed with step changes at a low and high frequency
respectively. The adjustment gain is K = 16)and q= 1.0. All four para-
meters are allowed to track. Consider first Figure 22 which .n effect cor-
responds to the behavior of the model matching technique for fixed para-
meters since adequate time for parameter adjustment elapses before the values
are changed. The match betws=ecn system output and model output is excellent
but a switching transient is observed in the matching error. This is parti-
cularly true in trace 8 which includes the effect of raute of change of error.

Consider now Figure 23 where parameter a3 ie perturbed by a square
wave signel. It can be seen that the system and model outputs contain signi-
ficant energy at frequencies approximately equal to the fundamental frequency
of the square wave. Ccnsequently, the behavior of pa.rémeter a3 in the model
varies from cycle to cycle, depending on the corresponding initial conditions
present in the random excitation sigral. Cross-coupling of paraneters is
again evident, both in al and i~ au.

3.2.4 Conclusiors from the System Parameter Variation Study

The major conclusion from this phase of the study is that continuous
model matching technigues can indeed be applied to the tracking,of time-
varying parameters in a known system. Satisfactory tracking of coefficients
of the depeunient, variables as well as coefficients of the forcing functicn
terms can be accompliszhed, provided that the modified criterion function
given by Equation (2) is used.

3.3 Identification of Time-Variant Humen Operator Parameters

Follewing the completion of Phase II an attempt was made to use the
continuous model matching technigue to identify the parameters of a human
operator in 8 tracking tesk so constructed that the operator's behavior be-
came time-varying. The operator's response presumably adjuste to changes
in the controlled elements. The controlled element gain and "time constanus™
were varied as functions of time as outlined in Section 2. The results for
two different cperavors performing the same time-varying tesks are shown in
Figures 24 and 25.
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Consider first figures 24a and b. Parameter o does not revesl
any well-defined pattern and can be considered approximately conctant
for the five-minute duration of the run. Parameter a, exhibits what
appear to be significant changes. As the plant gain is incressed para-
neter az likewiae increases while parameter @, decreases. As the plant
is trconsformed into a double integrator, parameter az furtkber increases
vhile parnmeter ah further decreases. The trend cbserved in parameter
a, is essertially reversed in a3 in the course of these plant variatious.
Effects of these changes manifest themselves in the tracking behavior,
ae well as in the mathematical model. An exsmination c¢f the second
trace of Figure 24b, the operator's output, shows that during the portions
of the run when the loop gain wes high the amplitude of the operator's
corrections was correspandingly lower. This behavior is clearly expected
since the same magnitude of correction can be obteined with a. smaller
stick displacemeant when the plant gain is higher.

The effect of the observed time variations ir parameters a, ,a3 and
o, is most clearly discernible in terms of the gain and lead time constant
in the operator's mathematical model, if it is assumed that toward the
end of each phase of the tracking run an invariant model is approxima‘ely
valid. Average values of the parameters o:)t1 through ah were read at *the
times indicatea in Figure 24a The values of model gain K and model lead
time constant ‘n obtained a* these four velues of time are given below in
Table 1.

Indicated Model Lead Time
Time Gain Const.
K. T n
t‘] . 1&37 1.5
tz .278 1.9
% 3 .150 2.8
t), RIVc] 1.5
Table 1.
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It can be secn from an inspection of this table that as the difficulty
of the task increases (the plant gain increases and the plant is changed
to a double integration) the operator's gain decresses and his lead

me constant increasgses. In other words, the operator increases his at-
tention to signal extrapolation, and he does this at the <xpense of
gein. It is interesting to note from Figure 2La that the matching error
is smallest when the plant gain is highest and when the plant is a
double integrator. As the plant is once again adjusted tc its original
éondition the model parameters returr to approximately their original
values and the matching error again approaches its original value,

A similar rattern of behavior is observable in the records of
Figures 25a and 25b, with the qualification that the operator performing
the task in this case exhibits a considerably greater variation in re-
sponse than the previous one as is indicated by larger excursions in
the parameter values. As before no apparent pattern in the adjustment
of parameters al and a3 is observable. However, parameter aé does
show an appsrently significant variation, as does parameter Q- Other
observations made in connection with Figure 2i apply similarly in this
case. Thus. the operator's output decreases in amplitude when the
plant gain incr .ases, and the matching error becomes smaller. It is
expected that longer training times would have resulted in smoother
rerformance fcr both operators.

3.4 Conclusions

The resuits of the study show the feasibility of using continuous
parameter tracking techniques for the identificetion of time-varying human
pilot parameters. However, ccnsiderable caution must be exercised in inter-
preting particular parameter values in a time-varying model since these values
may be caused by a combination of a number of factors including the effect of
the excitation signal, transients caused by particular initial conditions,
and cross-coupling between parameters.
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ANALYTICAL CONSIDERATIONS
k.1 Cross-Coupling Effects in Parameter Adjustment

The observation of cross-coupling efrfecta which occur during simul-

suggests a more detailed analysls of the underlying wmathematical relations.

taneous sdjustment of severul paerameters (see for example, Section 2,2.1)

Such an investigation is deaireble in order (o galin a better understanding

of the nature of multi-dimensional parameter adjustment and -o determine

vwhether certain transient phenomena vbserved in the computer atudy are iu~

herent in the adjustment proceuure or are caused Ly computer inaccu.acy.
Coasidering the steepest Gescent equation (for 4= 0)

Y = - k OF - kelz (#)

it can be seen that the adjustment rate is proportional to the model match-
ing error € and the sensitivity E%z//ékz-. In this section the sensitivity
coefﬁcients*will be denoted by az/ad,;- Uy using only one subscript for

convenience, The error term € may be expanded, in first order approxi-
mation, in terms of individual parameter errors A, viz.,

~

€ T U Ax, +--- + u, Ao, (5)

where higher orcer effects, noise, and uncertainty in the structure of the
mathematical modeX are omitted. This equation implies ¢ = O when all
parameters ai nave been adjusted to the desired values ) such that
l&ai = 0, Combining Equaticns (4) and {5) one ottains
4
&L = —KULZMJ‘ A()lJ (6)
J=!
Hence each parameter adjustment rate ai is sensitive, to a varying degree.
to all of the instantaneous parameter adjustment errors Aﬁ%. This sensi.-

tivity is express=d by the (spproximate) square matrix (&) with time-verying

*
Thus the notation formerly used will be abridged as follows:

2z Pz W A
P, Uy T Y, - - - P, T T “y
du, " du .

2 1% A
— (‘(4’ - ul ) - - ) dt’ = (,(24,); ~ L{‘/ .

“roe
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elements
S' ' = U; MJ‘ (7)

such that

(%) = (S)(Ax) (8)
The off-diagonal elements of the matrix are the cross-coupling coefficients.
Under random excitation x{t) the crosa-coupling terms tend to have small
average values, provided the uy and uJ terms are statistically independent.
The diagcnal terms ui2 ere non-negative and their average values are always
larger than those of the cross.coupling terms. It 1s noted that according
to Equation (7) the matrix is symmetric.

Inspecticn of the time-histories exhibited in Figures 26 and 27 re-
veals that the sensitivity terms uy and ) dominate u, and u),, respectively.
This is explained by ghe fact that ay and u3 are obtained as solutions of
sensitivity equations in which the time-derivatives z and X rather than z
and x are the forcing functions (see Equations (1-10) and(I-1z), page 59,
of the Task I Report, Ref. 1). Considering the frequency content of the
excitation signal x and the dependent variabie z it follows that x and z
have larger maximum excursionc than x and z, respecztively. (Additionel
analysis will be presented in Section L4.2.)

These facts explain the prevalence of cross-coupling effects between

errors in the ¢, and o, adjustments which were cbserved in Figures 17 and 18,

In these instan;es the3variation in a1 vwhich was caused by sinuscidal per-
turbation of the correspcrnding system parameter 2y alsc produced a sinuscidal
variation 1. a3. This effect in turn caused secondary cross-coupiing In alu
Cross-coupling e¢ffec*ts are also noticed when all but cne mcdel param-
eter arez initially set at their correct values. During the adjustment of
the initially incorrect parameter some transients will also occur ir the
remaining parameters Q as a result of cross-coupling, according tc Equa-

tion (6). This is true because vhe sensitivities u, corresponding to these

i
parameters are not precisely zero due to small computaticaal errors.

4.2 Functional Relation Between Sensitivity Coefficients
A closer examinatiy;. of the sensitivit; coefficients u, and their in-

i
terrelation is of interest to obtain quaniitative est!imates of relative

magnitudes,
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(Corresponds to Figure 13)

Time History of the Influence Coefficients
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Figure 26.
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Time History of the Influence Coefficients

LExcitation

Time (minutes)

sure 27.

e
w

i



LR

8426-6003-RU-000
Page 50
Consider the 3ensitivity equations for uy and u, (see Task I
Report, Page 59) for invariant o, Q

u-i + 0(‘ &‘I +o(,_U., = —i CQ]

2 ~-Z

(10)
with initial values ul(o) = &l(o) = uy(0) = GZ(O) = 0.

Time-dirferen’iation of Equation (10) yields the approximate relation
~t
w, =

X &

D,
Transient differences between uy and dz are caused by a non-zero initial
value

i, (0) = —2(0)

Note that 51(0) equals zerc by defiriticn but 32(0) in ger:iral does not
equal zero.

Similarly, the corresponding two sensitivity equations for u3 and u),
gy + o Uy + o3 = X (12)
Uy + oty +o Uy = % (i3)
L]
with initial values u3(0) = UJ(O) = L{“[O) = Uy (0) =0
yield the epproximate relation
L(3 4 L.L“

(14)
which 13 valid after trunsient differences between u3 and 6& due to
X(0)# 0 heve subsided.

Combinatisn of the sensitivity equations (11), (13) and the original
model equaticn

Z +o2 + %2 = X
yields the approxinate relation

(!S)

(/6

which 18 applicable afver transients due to z(0) and 2(0) have disappeered.

It i8 important to note that Equations (11), (14) and (16) imply
time-invariant coefficients. If 4 and Q, are time<variant, ¢ timc-
Aifferentiation of Equ.tion (10) ylelds:
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Up + 0, Uy +0U; =-2Z =0 &, = Kaly (17)
In this case a direct equivalence. with Equation (9) leading to .he approxi-
mation ug = dz can no longer be established., Nevertheless it is reasonab.e
to =saume that for sufficliently & 111 adjustment rates dl, dz, the approxi-
metions (11) and (14) are st1ll useful in providing estlimates of the rela-
tive megnitudes of the uy terms .

In some applications it should also be of interest .o consider the
very considerable siwplification which results from using the approximate
relations (11) and (1b4) in implementing the parameter .satching system on
the computer. This computer program would include only Equations (10) and
(13} ylelding u;, 4, and us, uy,respectively. A simler fermulstion has
been used by W. J. Klenk in simplifying the comput.er implementation of an
adaptive control system, where two distinct parameter influence coefficients

were obtained from a single sensitivity equation (see Reference 3).

4.3 Precision of Parsmeter Matching
As was observed in the discussion of the computer results, dilferent

parameters of tbhe system are matched with different degrees of precision.
The relative magnitude of the sensitivities uy helps to explain this fact,
Equation (5} shows that the instantaneous model. matching error constitutes
a weighted average f th: individual adjustment errors [\Q& where u, are the
welghting factors. Clearly those adjustment errors wkich are charanterized
by dominant weighting factors will be sdjusted with the greatest precision;
and vice vers:. Since u3 dominates in ru © of thc cases examined, it 1s
not surprising to find the preciasici ~. the 33 adjustment is quite higk.

By contrast, u, is dominated by the other .znsitivities and hence ag is
poorly defined. These results are also borne cut by Tigures 5, 5, 7 of

the Task I Report (pages 19-21).

Further investigstion of the underlying mathematical relations «ill
ciarify the picture, 'he following discussion applies rigorously only u»
the time-invariant case, but serves to explain basic trends in the timz-
variant cese as well,

It {s first observed that the random excitation signal x{t) includes
frequencies up to 5 rad/suc due to human tracking behavior. Therefore,

% hes higher amplitudes in the upper frequency band than X, and causes u3 to
dominate u) (see Bauations (12), (13), (b)), Similarly, siance z and i
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reflect x and %X, it is expected that 4y will dominate Yoy depending -2 the
filtering charncieristics of the model equation {15). Typical val wes of
triasfer functinn gain for the time-invarient aystem over the rerge of input
frryuencirs are

i
|
l

x|N

I = 0./5 ... 6.25

wnen X and Z are Laplace transforms of x, z. Farthermore, &. estimate of

and u) magnitudes can be obtained on the basis of Eguation (16}, viz.,

ol 12

Tueérefore, the sensitivity temm ), Gosinates u, &% lesat hy a :.tio of

12

3:1. This resultves confirmed in many of tae time aistories oSttzineld i
Section 3. For the conditions under which the mod2l mat:hirg system was
operated it nay be scen thut u3 dominates 2y, which in turs dominates Ug.
Also, 2y dorinates u,, hence tuc roor definition of az and the generalily
good definition of 03 observed in many ot the computer runs. The relatively

lerger valies of u_ also tend to make the a3 aljustment loop the most critical

in terms of stabilfty es was observed in Section 3.1.h.

It 45 interesting to note that the gqualitative discussion derived for
the time-invariant case still applies in the time-variant cese considered
here. Howeer, trurther investigation along these lines will be very desir-
alle. This will alsc have to inclode the effect of the rate stabilization

tera qé in the error criterion,

4,4 Tipe.variance of the Gradient

1he non-uniform, seemingly erratic character (vignetting, of the

descent curves (see Figures 1, 2, etc.) in the parsmeter space was investi-
goted in order to clarify underlying causes and tc understand the theoreticsal
and practical protlems inherent in continuoas model matching.

In order to demonstrate the result of gradient computation (without
introdacing problems due to closed-loop adjustment of parameters) several
open-loop gradient loci were plotted. Figure 28 shows these loci at various
triil points in the Ay @) plane. The perameters ay, a, were set at their

"correct" values equel to the system prrameters a., &, respectively. A

1

sinusoldal excitation signsl x was used in these computations.
Figure 28 shows an interesting and unexpected result: 'The 03, “N

loci of the time-variant gradieni vector (9@%9a5)9€79&¢)9re nearly circu-

lar Lisseajous figures deacribing two full rotations for every periocd of the



-6003-RU-000

™M
n
w Q
)
=
RN

32 8IILT,

1
dulus

R

T

whicl

. ,'
o

oueT]

7

19

2'{3 Ut Tov1 qustruun doot usdn



3426-6003-RU-000

Page 5k
8inuegoidnl excitation signal. The gradien? locl pase through the triel
puint during every faull rotation. At these instances the gradiect hes
magnitude zero, corresponding t¢ ‘he cusps in the vignettirg descent
paths (Figures 1, 2). For random ex:itation of the modei matcking system
the loci are Lissajous f{igurcs of irregular shape with varying tive-inierval
per full rotatior, i.e., bYetween passages through ta» trial point. 7The im-
plications of ta24s result esre of great significacce Tt Cau e observed
thai the time-varying grziient sweeps an angular dcmain of 180 degrees 'n
the 03, O, plane und that only the megn orientation of the gradient vector
points in the diiection in which one desires tlie descent to proceed. In
other words, the ariterior furction forms & time-varying surface with local
ridges and depreasions whicr are no% relevant for purposes of descent to
the minimun point at a3 = e.3 and Y =Y. This Buggests the use of rilter-
irg of the time signals wkick gzenerais tkhe gradient ccmponents 3F/75’0/¢'_
in order %o emphasize the rreferred mean gradient orien.ation. Figure 29
18 a sxeich of open-loon gradient locl obtained with aad without low pass
filteriag.

A mathematical expleratior f the observed phenomens can be readily
provided. With a pure sinusoidal excitation x{t) all output variables
i..., 2, Up» Uy, ... aTE sinusoids of the same frequency after the initial
transieats have decayed, assuning 2 dynamically stable system, The model
matching errcr, € =2z - y, is sinusoldal as well. Thus “he gradient com-

ponent o

7;.-2 = 2:". = W,
is & giruscid with twice thz excitation frequency, changing signs four times
during each period of excitstion, i.e., twice for € = O, and twice for
ug = Q. OSince the factor € is ccmmon to all gradient components, the gradient
must be zero periodically at times when the criterion function F = l/Etfz
alsc has the velue zerc. In the :ase of randomr excitation the abcve argu-
ments remain essentially velid, except the zeros of the gradient occur at
ranica time intervals.

In Figire 28 it 1s interesting to note that the gradient samples Csig’ETT})
plotted in & large area of the 03, o, plane near the minimum of F are ex-
tremely small. This demonstrates the poor model matching definitiou in the
case under inveatigatlicn here,
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gradient locus
trial before filterin,
point

tefore
filtering

[

gradient ,Ei?'
orientations .
after filtering N
/ -5/ \ after
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e
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correct

parameter valuec

Open-Loop Gredient Locl in a3, o, Plane before
and wfter Filtering of Output Signals

Figure 29.
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The time--variation of the local gradiest leads to an interesting
observation regarding tre apesd of convergence for a model matching problem
with many parameters. The probability of the gradient being oriented within
the preferred angular range is less than one inasmuch as the vector points
in other dlr-ections part of the time., If, for example, it pcints in the
desired diectlon only 50% of the time in & ‘wo-parameter adjustment prob-
lem, this probability is raduced further in a three-parsmeter problem, &nd
8till further in a four-paremeter problem, since the desired direction
occupies less and less of the total engle in the hyper-tipace over whica the
gradient is free to wander. As a result, the settliug time increases at
least in proportion with the number of parameters tc be adjusted simultan-
eously. On theoretical grounds the time would tend to incresse with powers
of 2% where n is the number of parametiers, considering the geometry of
angular 1egions in a hyper-space, Refined filtering techniques are re-
quired to counteract this tenden~y. Further investigation alcng tnese
lines will be required to cope with the prachical implicetions of this
result.
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